Interoperability in BIM is low and the focus is on 3D coordination. Despite the 3 available standards including IFC and IDM, there is still no clear guidance how such standards 4 can be effectively used for performance based design. Thus, early collaboration is discouraged 5 and performance analysis is conducted as late as possible to minimize the number of information 6 exchanges, leading to difficulties and costly changes in design that is almost completed.
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For more information, including our policy and submission procedure, please contact the Repository Team at: usir@salford.ac.uk. This paper aims at developing an interoperability specification to promote early collaboration in 151 looking at energy simulations in addition to predicting current and future energy demand and the 152 impact of such demands upon carbon emissions. Because such an approach does not exist in the 153 literature (Motawa & Carter, 2013; Paryudi, 2015) , the research methodology needs to support 154 the development of new knowledge in the area where the existing theory is insufficient. Thus, 155 this paper adopts the Design Science Research (DSR) methodology, which facilitates the spread 156 of new ideas through the use of models, methods, constructs, instantiations and theories (Hevner . This specification will be tested and the result will indicate whether additional 167 iteration of the relevance cycle is needed (Peffers et al, 2012 
179
In this research, the relevance cycle will capture a sequence of expert activities. These data are project. Based on that, it is possible to state that the specification to be developed must show the 190 user requirements, tasks and activities through the different life cycle stages and must also show 191 the relationship between the different stakeholders and tools. To understand the relationship of the multiple elements throughout the lifecycle, it is required to develop an integrated process that 193 provides a coherent picture of performance based design practice. The process will need to 194 define hierarchic levels to divide the entire process into small sections and facilitate the 195 interoperability development as shown in Figure 4 (Wix et al, 2009; Eastman et al, 2010) . -Parent process: a process that contains sub processes within its boundaries.
199
-Scenario/process: a sequence of activities in an organisation with the objective of carrying 200 out work.
201
-Phase or Stage: a period in the duration of a project identified by the overall character of the 202 tasks which occur within it.
203
-Task: an atomic activity that is included within a process.
204
-Data: a mechanism to show how data is required or produced by tasks.
205
Based on the scope of the interoperability (Figure 2 ) and the hierarchy levels ( Figure 4 ), three 206 scenarios were developed in the Design4Energy project to comprise user activities, user 207 requirements and the functional requirements of the key stakeholders such as the client, the 208 architect, the energy expert and the HVAC designer. These scenarios are: optimise the design. The final design phase will integrate the design for a review.
231
The construction execution phase is outside the current project's scope.
232
-Scenario 3: considers the BIM handover and facility management (operation) phase,
233
including defining the needs for retrofit or maintenance, retrofit modelling, environmental 234 analysis, building performance assessment, retrofit check and energy matching for 235 maintenance.
236
In the research, the interoperability specification is developed for the whole building life cycle 237 process encapsulating these three scenarios. However, in this paper, the interoperability 238 specification development for scenario 2 is explained as it is succinct enough to demonstrate how 239 the interoperability specification is developed including soft and hard aspects shown in Figure 2 . · make information exchanges between project participants more reliable.
265
· improve information quality.
266
· improve decision making.
267
· undertake a BIM project far more effectively.
268
The steps in the IDM method for the interoperability specification development include process is used for all the information exchanges in the specification for the three scenarios. action. Since that action may occur within many exchange requirements, a functional part can be 299 bound to one or many exchange requirements. Therefore, they should be specifically defined to 300 be reusable within several exchange models. Parts, will help developers to understand the interoperability required by the users between BIM 310 applications (Berard and Karlshoej, 2011; Belsky et al, 2014) . With this data as a guideline, the 311 developer will set the interoperability from a technical point of view. Thus, each of the exchange 312 elements are translated into a readable language schemasuch as IFC.
313
The first step to develop an MVD will be the rationalization of the functional parts to decrease 314 the number of MVDs to develop and to avoid duplicity. Figure 8 summarises the outputs or 315 functional parts developed for scenario 2 ( Figure 5) ; the left-hand column groups the exchange 316 requirements (ER) while the details for each of them is shown in the right-hand column.
317
A review through the left-hand column 318 identifies that the functional parts are the same 319 structure and parameters even if they belong to 320 different ERs taking place at different times.
321
For example, the ER highlighted in red (BIM The information exchange template encapsulates the information nugget to be exchanged 424 between the architect and the energy expert in this instance and the business process phase is The MVD schema shown in Figure 11 represents to be included are wall type, internal or external and thermal transmittance.
461
· The generic association is related to the material definition for the wall object that contains 462 a number of layers, e.g. a cavity wall with brick masonry and an air gap.
· The shape representation details the geometry used for a generic wall being able to set 465 three alternatives: bounding box or simplistic 3D representation; 3D body such as 466 wireframe, surface or solid; mapped item representation.
467
· The generic voiding defines the relationship between building elements and their openings.
468
· The generic containment connects walls with the spatial container where they are placed.
469
· The space boundary is a closed shell limited by planar walls; this space boundary describes 470 the materials contained in the boundary walls.
471
The U-Value is described in Figure 12 for the following entities: That means that there is no one-fit-for-all solution for interoperability despite the available 545 standards. In this paper, the detailed examples from the interoperability specification are given 546 and the paper prescribes how it is practically developed using with the IDM and MVD protocols 547 by addressing project specific scope and priorities. Thus, the paper demonstrates an approach for 548 how interoperability specifications can be practically and systematically developed for integrated 549 BIM use by considering human, process, technology, data models and information dimensions 550 together.
551
The interoperability specification framework, shown in Figure 16 , in this research brings 552 together the three scenarios (district, holistic building design and retrofit), reflecting the 553 Design4Energy project scope and it prescribes how each of these scenarios can be integrated into 554 a coherent process workflow, where stakeholder definitions, tools and technologies for data 555 manipulation and processing, information exchange requirements models and technical schemas 556 are specified at the various stages of the integrated process workflow for the performance based 557 design, not only for a passive design but also for an energy producing building design through a 558 BIM-enabled collaborative virtual workspace. The interoperability framework shown in Figure   559 16 is the rationalised version of the interoperability vision given in Figure 2 . Omniclass classification and for each stage, an integrated process model is developed for the 552 corresponding scenarios (scenario 1: district; scenario 2: holistic design; and scenario 3: retrofit).
553
For stage three (Concept Design Stage: Energy matching), the process model is shown in this 554 paper in Figure 9 . Tools are mapped into the framework in accordance with their use in the 555 process while the information exchange and data structuring is laid out within the system Integrated BIM practice.
561
The interoperability specification in Figure 16 represents a novel approach and contributes to 562 knowledge in literature and practice to understand the key aspects to consider for the 563 interoperability requirements and proposes a practical approach for the interoperability 564 developments for the Integrated BIM use for the prosumer building projects.
565
The interoperability specification development also reflects a forward-thinking approach to 566 address the interoperability challenges in a practical way for the BIM implementation at Level 2 567 and Level 3, which is already promoted by the UK Government's policy agenda in leading the 568 UK construction industry towards sustainable design and FM through the Integrated BIM 569 practice. Finally, the proposed interoperability specification development approach also provides 570 the theoretical basis for the effective development of BIM execution plans in practice for energy 571 efficient prosumer building design and construction. 572
Conclusion

573
The performance based design requires a holistic design approach that entails multiple 574 stakeholders interacting with a lifecycle perspective and requires considering neighbourhood 575 level aspects and the use of various BIM applications. This leads to a significant need for the 576 integration of multi-domain performance simulation and analysis. Furthermore, traditionally, 577 architects and engineers find it difficult to effectively use performance simulation tools because 578 their processes are based on 2D manually-created drawings. This characteristic is necessitated by 579 the lack of understanding of interoperation and the lack of integration between design models 580 and building energy models. To overcome this challenge, in the Design4Energy Project, an 581 interoperability specification is developed for the effective and efficient data and process 582 integration, which is also executed by the Design4Energy collaborative workspace system for the 583 Integrated BIM use.
584
This paper explained the development of an interoperability specification for the Integrated BIM-585 practice for the Design4Energy system that executes the interoperability specification for design. It provides a solid foundation for developing a holistic and coherent picture of cross-588 organisational business processes, which reflects an integrated supply chain for energy 589 efficiency, not only for a passive design but also for an energy producing building design 590 through a BIM-enabled collaborative virtual workspace.
591
The cross-organisational business process modelling and the interoperability specification 592 development have adopted IDM recommended by BuildingSMART, which was, however, 593 focusing on more data and technologies than people and processes. Therefore, it was difficult to 594 adopt it initially in the Design4Energy project without addressing the people and process aspects.
595
The research work described here is the very first of its kind utilising the integrated process 
